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I. 
INTRODUCTION. 
The  nature  of the  forces  by means of  which  proteins  bind  alkali 
have given rise to  many  theories.  One theory has  been  the theory 
that the alkali was adsorbed  on the surface of the proteins as a result 
of  their  colloidal  dimensions.  This  theory has  been  made  far  less 
probable as a result of investigations demonstrating that proteins com- 
bined with acids and bases in equivalent proportions) and has for the 
most part given place to a  stoichiometric explanation of the combina- 
tions between proteins and bases.  Differences of opinion obtain, how- 
ever,  regarding  the  nature  of  the  chemical  groups  in  the  protein 
molecule  that  are  specifically involved in the neutralization of bases. 
Two views have generally been held.  The one, that the groups of such 
dicarboxylic amino  acids  as  glutamic  acid,  which  were  not  held  in 
polypeptide linkage, were involved in the neutralization of bases and 
the formation of  protein compounds.  The other view, advanced  by 
* A report of this investigation was read before the XI. International Physio- 
logical Congress, held in Edinburgh, July 23-27,  1923 (1). 
i The accumulated evidence has become too well known, and too extensive to 
warrant detailed references, in this place, to more than a few investigations in 
which electromotive  force measurements  were made: D'Agostino,  E. and Quag- 
liariello,  G.  (2),  Pauli, W.  (3), Robertson,  T. B.  (4),  SSrensen, S.  P.  L.  (5), 
Henderson, L. J. and Cohn, E. J. (6), and Loeb, J. (7). 
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Robertson  (4)  among  others,  was to  the  effect that  there  were not 
nearly enough terminal carboxyl groups in such a  protein as casein to 
account for its base-combining capacity, and  that  the opening of in- 
ternal -  COHN -  groups must, therefore, be involved in  the  neutrali- 
zation of bases.  2 
Many proteins  contain more dicarboxylic acids than earlier  investi- 
gators succeeded in isolating.  By means of his butyl alcohol method of 
extracting amino acids Dakin (9, 10) has not only increased the yields 
of glutamic  and  aspartic  acids  from  the  hydrolysates  of  a  number 
of proteins,  but has  also discovered a  new dicarboxylic amino  acid, 
/~-hydroxyglutamic.  The  content of dicarboxylic  acids  revealed by 
earlier investigators was in many cases not greater than the ammonia 
content,  and  the  conclusion was,  therefore,  drawn that the groups of 
dibasic acids that  were not held  in polypeptide linkage  were for the 
most part bound as amides (11).  This view was difficult to reconcile 
with  the acidic nature  of  many  proteins.  The  newer  analyses  (9) 
have  increased  the  yields of dicarboxylic amino  acids isolated  from 
casein from 16.9 to 36.4 per cent.  In short, the yield of these divalent 
acids in casein has been more than doubled by these recent analyses 
which indicate that the dicarboxylic acids in casein, and in many other 
proteins, are far in excess of the ammonia (12,  13).  As a result, casein 
must possess a number of terminal carboxyl groups. 
This investigation was undertaken in order to determine whether the 
number  of  terminal  carboyxl groups  that  could  exist  in  conformity 
with this conception of the structure of casein was sufficient to account 
for its base-combining capacity.  Robertson  (14,  48)  had  previously 
determined  the  base-combining  capacity  of  casein.  Our  increased 
knowledge of the  composition and  of the molecular weight of casein 
rendered it desirable at this time to redetermine this quantity. 
In a  recent  study of the  relation  between the  solubility of casein 
and  its  capacity  to  combine  with  base  in  the  neighborhood  of its 
isoelectric point,  we showed  that  each  tool of  base added  to  casein 
2  At the same time that  these investigations  were nearing completion a new 
study of Robertson  (8)  appeared  in which he "inferred  that  the predominant 
method  of union of proteins with acids and bases is not through the agency of 
free amino or carboxyl groups." 
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carried an equivalent amount of the protein into solution.  Specifically 
each tool of sodium  hydroxide  combinedin  our experiments with between 
2,100 and 2,150 gm. of casein.  This is just twice the combining  weight 
of casein estimated by a  very different method by Robertson (4), and 
byVan Slyke and Bosworth (15, 16), and one-half the molecular weight 
postulated by them for casein from its sulfur and phosphorus content. 
The amino acids that casein yields upon hydrolysis suggest that the 
molecular weight of casein must be greater than 4,300.  From a  con- 
sideration of the many analyses that have been made, of the different 
amino acids in casein, often by different investigators, we came to the 
conclusion (13) that the molecular weight of this protein could not be 
less than 12,800, and might be some multiple of this figure.  12,800 
was suggested because it was three times the molecular weight pre- 
viously postulated by Robertson, and by Van Slyke and Bosworth, 
from  the  sulfur  and  phosphorus content  of  casein;  six  times  the 
equivalent combining weight of casein for base determined by us; and 
was  at  the  same  time the  smallest molecular weigh:t that could be 
ascribed to casein provided each molecule of the protein contains one 
molecule of tryptophane.  The sulfide sulfur and the cystine content 
of casein suggest that  the true molecular weight of casein may be 
seven or eight times this value.  A consideration of these data will be 
reserved for a study (Paper V of this series) of the molecular weights of 
certain proteins. 
II. 
The  Amino  Acids  in  Casein. 
We shall consider the molecular weight of casein as 12,800 in the 
following calculations.  It should be pointed out, however, that no 
error whatsoever is introduced into the calculation of the base bound 
by a protein by this, or any other, choice of a unit.  Thus, in Table I, 
the base bound by 1 gin. of casein has been calculated from the per- 
centage composition, without any assumption regarding the molecular 
weight.  The  stoichiometric relations  involved are  more  apparent, 
however, if we refer base-combining capacity to equivalent, or molec- 
ular, rather than to absolute weight of the protein. 
On the basis of a molecular weight of 12,800,  1 molecule of casein 
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aspartic  acid,  and  8  molecules  of  ~-hydroxyglutamic acid.  The 
method  of calculation and of tabulation that has been followed has 
been explained in our previous communication (13) *  from which Table I 
is derived.  Assuming that the dicarboxylic acids were in polypeptide 
linkage and that the ammonia yielded by casein represented amide 
groups,  the  12  molecules of ammonia that  casein contains must be 
subtracted from the  number of  dicarboxylic acids in  order  to  give 
the  number  of available  terminal carboxyl groups.  This  has  been 
TABLE  I. 
Calculation of Free Acid Groups in Casein. 
ound in casein, 
per cent .... 
Iols in 1 gm. of 
casein X lO-S.. 
?eight of casein 
containing  1 
mol, gm.. 
[o.  of assumed 
mols. 
!alculated  molec- 
ular weight. 
Dicarboxyllc amino acids in casein. 
Glutamic 
acid. 
(a) 
21.77 
148.0 
675 
19 
12,825 
Asparfic  B-Hydroxy- 
acid.  ghtamic 
acid.  i 
(b)  (c) 
4.1  10.5 
30.8!  64.4 
l 
! 
3,246  11,550 
1  i 
4  [  a 
12,984  12,41)0 
Total. 
(a+b+c) 
36.37 
243.2 
31 
Amlde- 
bound 
dicarboxy- 
lic acids. 
Ammonia. 
(a) 
1.61 
94.5 
1,060 
12 
12,720 
Free 
dicarboxylic 
acids. 
(a+b+c--d) 
148.7 
19 
Phosphorus 
m casein. 
(0 
0.71 
22.9 
4,372 
3 
13,116 
Total free acid 
groups. 
(a+b+c--d+3e. 
217.4 
28 
done in Table I.  From this source, therefore, one might expect to find 
nineteen strong terminal carboxyl groups in the casein molecule. 
The number of terminal groups may be larger than this estimate. 
It can scarcely, however, be smaller.  It isprobablethatthephosphorus 
in casein represents phosphate phosphorus, and that one or more of the 
acid groups of phosphoric acid may be free in the casein molecule.  It 
is  possible  that further advances in  the  methods of  extracting and 
separating  the  amino acids may increase  even  the  high yields that 
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Dakin has now obtained.  It is conceivable that such amino acids as 
tyrosine and cystine may retain a  certain capacity to  combine base 
when  held  in  polypeptide  linkage.  Finally  certain  monoamino 
monocarboxylic acids may be so oriented in the protein molecule as to 
yield terminal groups.  On the other hand, certain of the dicarboxylic 
acids might exist in such firm combination with the terminal groups of 
diamino acids that they would not bind base at the alkalinities that 
we  have  reached.  These  considerations  indicate  that  the maximal 
number of terminal base-binding groups in casein can be greater, but 
not very much greater, than nineteen.  Even if all of the valences of 
phosphoric acid were either free, or, through combination wieh amino 
groups,  had liberated carboxyl groups from polypeptide linkage, the 
number  of groups  only  becomes  twenty-elght.  On  the  basis  of  a 
molecular weight of 12,800 we would therefore expect casein to possess 
between  nineteen  and  twenty-eight  free  acid  groups.  Each  gram 
of casein would, if these conditions obtained, combine between 148.7 
and 217.4  ×  10 -6 tools of base. 
III. 
The Measurement of Base-Combining Capacity. 
The base bound by protein in alkaline  solution  can be  estimated 
with great accuracy from  the  decrease in the  concentration of free 
base.  If one knows the original concentration of the basic solution, 
and the amount of the protein it contains, the determination of the re- 
sidual free base suffices for the calculation of the base bound by the pro- 
tein.  The free base in solution can be directly determined by electro- 
motive  force measurements of the  hydrogen electrode against  any 
known standard. 
Our  hydrogen electrode measurements are  referred to  the  0.1  N 
calomel electrode.  In the course of the investigation our  standard 
electrode has been checked against seven 0.1 normal and six saturated 
calomel electrodes.  A  saturat~ed potassium chloride salt bridge has 
been used  throughout these experiments and no correction has been 
applied for the liquid junction potential.  Our results have been calcu- 
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E.M.F. observed -- r..~.r. 0.1 N calomel  5 
pH  + =  (1) 
0.001983 T 
From the hydrogen potential, or pH +, the hydroxyl potential,  pOH-, 
can  be  calculated,  since  their  sum  is  equal  to  pK~,  the  negative 
logarithm of the dissociation constant of water. 
pK  + -{- pOH- =  pK~  (2) 
In any investigation involving alkaline solutions it is far more conveni- 
ent  to  consider  the hydroxyl than  the hydrogen  potential.  For  "al- 
though  the pH + of bases changes greatly with the temperature, since 
the  dissociation  constant  of  water  changes  greatly,  their  pOH-  is 
nearly independent of the temperature"  (20). ~  Our  measurements of 
the hydroxyl potentials of sodium hydroxide solutions, made at different 
temperatures, confirm this contention. 
The  hydroxyl  potential  is  a  measure  of  the  free  hydroxyl ions  in 
solution.  It is usually defined by the equation 
1 
pOH- =  log-  (3) 
(OH-) 
and  may  be  so  defined,  provided  by  (OH-)  we  imply  either  the 
stoichiometric  concentration  of hydroxyl ions,  or  their  activity  (21). 
Whether we are actually measuring the hydroxyl ion concentration in 
strong  sodium  hydroxide  solutions, or  the  activity  of  the  hydroxyl 
ions  is  merely a  matter  of terminology.  In practise we measure the 
s The electromotive force of the 0.1  N calomel electrode is in doubt by 2 my. 
Up to the present SSrensen's  (17) value of 0.3376 volt for this half ceil has al- 
ways  been  used  in  this  laboratory.  In  1917 Lewis,  Brighton,  and  Sebastian 
(18) measured the electromotive force of  the normal calomel electrode.  From 
their value Clark (19) has estimated the  E.M.~'. of the  0.1  ~¢ calomel electrode 
at 25°C. to be 0.3356 volt.  Clark has suggested,  however, that SSrensen's values 
"be used as provisional standards whenever there is no definite reason to require 
any other value." 
Measurements that have been made in  this  laboratory of hydrochloric acid 
and  sodium hydroxide solutions  of concentrations  between  0.001  N and 0.1  N 
have led  us  to  adopt Lewis,  Brighton,  and  Sebastian's value  for the  calomel 
electrode,  at least  tentatively, and to define  the constants involved in our  cal- 
culations in a slightly different way than has been customary. 
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hydroxyl  potential,  and  determine  its  functional  relation  to  the 
stoichiometric concentration of sodium hydroxide. 
Since the earliest measurements of the conductivity of solutions it 
has always been apparent that as the concentration of strong electro- 
lytes increased their equivalent conductance decreased.  The relation 
between  their  stoichiometric  concentration  and  the  apparent  con- 
centration of their ions has always been expressed by an equation of 
the type 
(OH-) 
(Na0tI)  7  (4) 
In terms of the theory of partial dissociation 7  is called the degree of 
dissociation.  In  terms of the  theory of complete dissociation it  is 
called the activity coefficient.  Without subscribing to any theory we 
can relate the hydroxyl potential of a solution of sodium hydroxide to 
its concentration in  terms of  7  by combining equations (3)  and  (4) 
1 
pOH- = log --  -  pNaOH + P7  (5) 
(NaOH)7 
The convenient symbols, pNa0H  and  PT,  are  defined as  negative 
logarithms of (Na0H) and 7, respectively. 
In very dilute solutions 7 is usually considered equal to 1, and the 
hydroxyl ion  concentration is  therefore directly proportional  to  the 
sodium  hydroxide concentration.  In  more  concentrated  solutions, 
however,  "r  becomes progressively smaller.  In  order  accurately to 
calculate sodium  hydroxide concentrations  from  hydroxyl potential 
measurements the activity coefficient, 7,  must be known. 
Various methods of estimating 7  for hydrochloric acid and sodium 
hydroxide have been attempted by  different investigators.  Values 
derived  from conductivity measurements have  led to higher  values 
of 7  than those derived from the measurements of freezing point low- 
ering, or of electromotive force.  Regardless of the method employed in 
estimating this quantity, however, its value increases with dilution; and 
the values for different electrolytes of the same valence type approxi- 
mate each other in dilute solution.  As a result it is relatively certain 
that "r values of sodium hydroxide and hydrochloric acid are essentially 
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TABLE  II. 
Calculation  of the  Hydrogen Potential from the Activity  Coefficient  and  the  Con- 
centration  of the Hydrogen Ion. 
Molality. 
(m) 
0.001 
0.002 
0.005 
0.010 
0.020 
0.025 
0.030 
0.040 
0.050 
0.100 
Activity 
coefficient. 
(Lewis and 
Randall). 
(~) 
0.98 
0.97 
0.95 
0.92 
0.90 
0.88 
0.84 
I 
log m 
(pm) 
log+ 
(P'r) 
3.000 
2.699 
2.301 
2.000 
1.699 
1.602 
0.523 
1.398 
1.301 
1.000 
0.009 
0.013 
0.022 
0.036 
0.046 
(0.048) 
(O.050) 
(0.053) 
0.056 
0.076 
pH  + 
calculated. 
(pro + p~) 
3.009 
2.712 
2.323 
2.036 
1.745 
1.650 
1.573 
1.451 
1.357 
1.076 
pH  + 
determined. 
Lewis, 
Brighton,  and 
Sebastian's 
value 
for calomel. 
3.016 
2.029 
1.739 
1.649 
1.463 
1.363 
1.064 
pH  + 
determined. 
S6rensen's 
value for the 
calomel 
electrode. 
2.980 
1.994 
1.705 
1.615 
1.428 
1.329 
1.030 
Calculation  of the Hydroxyl  Potential from  the Activity  Coefficient  and  the  Con- 
centration  of the Hydroxyl Ion and the Dissociation Constant  of Water. 
ca~  pOH-  deter- 
mined. 
Lewis, 
Molality.  Activity  1  +  OH-  Brighto~  coefficient,  log  log  ~ulated.  and 
Sebastian 
value fc 
calome 
[  and fo* 
(m)  (-r)  (~)  ¢pv)  (p, ~  +  ~)  Kw. 
......  22  .16( 
0.001  0.98  3.000  0.009  3.009 
0.002  0.97  2.699  0.013  .712 
0.005  0.95  2.301  0.022  .323 
0.010  0.92  2.000  0.036  i .036  1.79~ 
0.020  0.89  1.699  0.051  .750 
0.025  1.602  (0.055)  .657 
0.030  1.523  (0.059)  ~ .582 
0.040  1.398  (0.065)  .463 
0.050  0.85  1.301  0.071  .372  1.49: 
0.100  0.81  1.000  0.091  .091  /  1.22~ 
•OH-  eter- 
mined 
SSrensm 
value ff 
calome 
and to~ 
K w • 
2.05: 
1.69: 
1.391 
1.12! 
pOH- 
determined. 
Lewis, 
Brighton, 
and 
Sebastian's 
value for 
calomel 
and 
SSrensen's 
for K w  . 
2.024 
1.659 
1.362 
1.091 
of  ~' for sodium  hydroxide  and  hydrochloric  acid at concentrations  from 
0.001  N  to  0.010  N  we  propose  to  base  the  choice of the  values  for the 
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Lewis and Randall (21) have recently estimated the activities of the 
hydrogen and  hydroxyl ions  from E.~.F.  measurements. 7  By means 
of  equation  (5)  we  have  calculated  the  hydrogen  potentials  of  hy- 
drochloric  acid  and  the  hydroxyl  potential  of  sodium  hydroxide 
solutions from their results  (Table II).  They indicate that at 0.01/~, 
and  at lower  concentrations,  the  hydrogen  potential  is  equal  to  the 
hydroxyl potential. 
In the course of the present investigation a large number of measure- 
ments  has  been  made  of  the  hydrogen  potentials  of  hydrochloric 
acid,  and  the  hydroxyl  potentials  of  sodium  hydroxide  solutions 
in  precisely  the  same way  that  we have measured  the  potentials  of 
similar solutions  containing  proteins.  The  averages of these  results 
are  included  in  Table II, where the  ]~.M.r.  measurements have been 
calculated  both by means of S6rensen's and  of Lewis,  Brighton,  and 
Sebastian's values for the 0.1  •  calomel electrode and for the dissocia- 
tion constant of water. 8 
Chow  (22) and  Knohel  (23) have  studied  the  activities  of  potassium 
hydroxide solutions.  Ellis  (24) has  studied  the  activity of hydrochloric acid 
solutions,  and  Lewis and Randall  (21) and MacInnes and  Parker  (25) have 
studied  the  activities of potassium chloride  solutions.  The  activities  of  the 
hydrogen  and  hydroxyl ions  can  be  estimated  from these data, if the activity 
of the potassium and chlorine ions are considered identical,  by subtracting the 
P7  value  of potassium chloride  from twice the P7  value of hydrochloric  acid 
or  potassium hydroxide.  Combination  of  the  results  of  these  different  in- 
vestigators  leads  to  slightly different values for  the activity of  the  hydrogen 
and hydroxyl ions. 
s If we adopt S6rensen's value for the 0.1  N calomel electrode in calculating 
these results we come to the impossible conclusion  that the activity of the hy- 
drogen ion is 1 at 0.01 1~ and greater than 1 at 0.001 N.  If, however, we employ 
the value for this half cell, calculated by Clark from Lewis, Brighton, and Sebas- 
tian's study of the normal calomel electrode, we obtain values for the hydrogen 
potential  in  close  agreement with  those  calculated  from Lewis and  Randall's 
coefficients  for the activity of the hydrogen ion.  It is for this reason that we 
have adopted,  tentatively,  the  latter value. 
The calculation of the hydroxyl ion concentrations from hydrogen electrode 
measurements is further complicated by uncertainty regarding the dissociation 
constant of  water.  Michaelis  (20) has recalculated  SSrensen's  results for dif- 
ferent temperatures,  and gives 1.27  ×  10 -14  as  the value for this constant  at 
25°C.  This  result  is  in  close  agreement with  the  value  of Lorenz  and  BShi 
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The determination of the base bound by proteins is in nowayaffected 
by the  constant  employed either for the  calomel electrode or for the 
dissociation constant of water.  For the determination of base-bound 
involves the measurement of the hydroxyl potentials both of sodium 
hydroxide  solutions,  and  of  sodium  hydroxide  solutions  containing 
protein,  and  the  constants  are  eliminated  in  the  calculation.  In 
practise,  however,  we have  found  it  convenient  to  adopt  the  values 
for these  constants  that  brought  our  data  into  conformity with  the 
more extensive  activity coefficients of Lewis and  Randall,  so that we 
might use them in subsequent calculations. 
IV. 
The  Calculation of Base-Combining Capacity. 
The greatest source of error in estimating the base-combining capac- 
ity of a protein inheres in uncertainty regarding the state of the  base 
bound  by the protein.  We know that when we add  a  protein  to an 
alkaline  solution  base is bound, and the hydroxyl potential increases. 
In the previous section we estimated the hydroxyl potentials of sodium 
hydroxide solutions.  These indicated that the activity of the hydroyxl 
ion changes appreciably over the range of concentrations with which we 
are now concerned. 
Sebastian,  who  obtained  the  same E.~.F.  for the chain.  The  corrections  em- 
ployed by them for the activity of the ions and for the diffusion potentials appear 
more reliable.  Lewis and Randall's recalculation yields the value 1.005 ×  10 -14 
for K~.  Although  this  is  now  the  most  probable value  for the  dissociation 
constant of water, its use in the calculation of our data leads to different values 
(Table II, Column 6)  for pOH- in alkaline solution than those calculated from 
Lewis  and  Randall's  coefficients  for the  activity of  the  hydroxyl ion.  In  all 
probability this depends  not  upon the value of K~,  but upon diffusion  poten- 
tials,  for which  we have not corrected.  If however, we employ the  S6rensen- 
Michaelis  values  for  K~ at  different  temperatures,  our pOH- values conform 
approximately  to  those  calculated  from  the  activity  of  the  hydroxyl  ion. 
Moreover,  at  lower  concentrations  than  0.01  N the  pH  + in hydrochloric acid 
solutions is then equal to the  pOH- in  sodium  hydroxide  solutions.  Without 
making any assumption whatever  as  to the correct value for K~ we  have  ten- 
tatively  adopted  the  latter  in  conformity with  the  assumption  that  in  very 
dilute solution the activity coefficient of  the  hydrogen ion,  however measured, 
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The fact that in these experiments the increase in hydroxyl potential 
is produced by protein renders it uncertain, however, in what way to 
apply a correction for the activity of the hydoxyl  ion.  All of the sodium 
present in  the  original  sodium hydroxide solution was  still  present 
in these systems.  Had we added hydrochloric acid instead of casein 
and formed sodium chloride instead of a  sodium compound of casein 
we should assume that the activity of the hydroxyl ion had not been 
appreciably affected since the total concentration of sodium had not 
changed  (21). 9  Whether the sodium bound by casein is  as  free to 
affect the activity of the hydroxyl ion as that bound by hydrochloric 
acid can, perhaps, not be decided a priori. 
That the base bound by amino acids has no effect upon the activity 
of the hydroxyl ion  has,  however, been  tacitly assumed by Tague 
(27)  and  more recently by Harris  (28).  Tague believed that  "the 
hydrogen electrode makes possible  an exact differentiation between 
an amount of alkali or acid to be apportioned to the solvent and solute, 
respectively, at any pH value.-lo  "Since at  each pH value the con- 
centration of the OH- ion both in the blank and in the solution of the 
amino acid are the same  and the volume  of the original solution and the 
blank  are  equal,  there  would  be  no  difference in  ionization  in  the 
observed results for the blank and for the solution of amino acid."n 
As a "blank" Tague used a solution of sodium hydroxide that gave the 
same pH  + as the more concentrated sodium hydroxide solution that 
contained the amino acid. 
It seems necessary to point out the fallacy in this type of reasoning 
since Tague's method has also been applied to the study of protein 
solutions.  In  the  first  place  the  hydrogen electrode measures  the 
activity of the hydroxyl ion, as has been indicated, and not its con- 
centration.  In the second place the assumption that the base bound 
by an amino acid has no effect upon the activity of the hydroxyl ion 
is untenable.  Since this hypothesis demands that amino acids behave 
in  a  very different way than  other  electrolytes, we  have  tested  it 
experimentally.  We partially neutralized an 0.05 N solution of sodium 
hydroxide with 0.04 N hydrochloric, acetic, and amino acetic acid-- 
9  Lewis and Randall (21), p. 368. 
to Tague (27), p. 183. 
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glycine--and determined  the  hydroxyl potentials  (Table  III).  The 
concentration of sodium hydroxide was in each case 0.01  N.  By sub- 
tracting the negative logarithm of the sodium hydroxide concentration, 
pNaOH, from the hydroxyl potential, pOH-,  the  negative  logarithm 
of the activity coefficient, PT, was obtained 
pOH--- pNaOH =  P7  (6) 
The  hydroxyl  potentials  of  two  sodium  hydroxide  solutions  are 
included in  Table III for  comparison.  The  one  contained  the  same 
TABLE III. 
The Activity Coe~cient of the Hydroxyl  Ion in Sodium Hydroxide Solutions  Con- 
taining Other Sodium Compounds. 
.TaOH conc. N. 
3alt conc. ~ .... 
Ha  + conc. N. 
1 
Log -- 
(NaOH) 
1 
Log  (OH-) 
1 
Log-- 
3, 
y (Lewis and Randall) 
:Z 
.,D.01 
O.00 
0.01 
2.000 
2.026 
0.026 
0.94 
... 0.92 
0.05  0.01 
0.00  3.04 
0.05  0.05 
1.301 2.000 
1.362 2.081 
0.061 0.081 
0.87  D.83 
0.85 
~9 
0.01  0.01 
0.04  0.04 
0.05  0.05 
2.00C 2.000 
2.073 2.064 
0.073 0.064 
0.85  3.86 
0.01 
0.04 
O.05 
2.000 
2.092 
0.092 
0.81 
Z 
w 
0.01  0.01 
0.04  0.04 
0.05  9.05 
2.0002.000 
2.088 2.073 
0.088 0.073 
0.82  0.85 
G 
0.01 
0.04 
0.05 
2.00c 
2.084 
0.084 
0.82 
concentration of free hydroxide, the other of total sodium, as  the  solu- 
tions containing salts.  It will be noted that the sodium combined with 
glycine had the same effect upon the activity coefficient of the hydroxyl 
ion as that present as sodium hydroxide. 
These measurements indicate  that  the  effect of the  salts of amino 
acids upon the activity of hydroxyl ions is similar to that of the  salts 
of other acids, though perhaps not so great.  It is conceivable that the 
salts of proteins might behave in a  more complicated manner.  It is 
possible that although the base bound by amino acids is free, that bound E. ~. COHN  AND  R. E.  L. BERGGREN  57 
by  protein  is  not;  perhaps  because  of  their  colloidal  dimensions, 
and slow mobility.  In that case the method of calculating base-bind- 
ing capacity proposed by Tague, although not applicable to the amino 
acids, for which it was proposed, would still apply in the case of the 
proteins.  Evidence, derived from the base-binding capacity of different 
amounts of casein,  and also  of certain other proteins,  renders  this 
view improbable. 
The simplest method of calculating the base-binding capacity of 
proteins from electromotive force measurements is presented by the 
relation  1~ 
pNaOH  =  pOH-  -  p~,  (7) 
For if one assumes that the activity coefficient depends only upon the 
total sodium, in an alkaline solution, the free sodium hydroxide can 
be directly estimated from the hydroxyl potential.  This procedure 
we have tentatively adopted.  It  occurred to  us, however,  that the 
high valence of protein anions might further depress the activity. Ac- 
cordingly we studied four bivalent acids, sulfuric, oxalic, glutamic, and 
aspartic, the two latter amino acids.  One of these was also studied 
by Tague.  The results with these acids  are  also included in Table 
III.  They suggest that anions of higher valence have greater effects 
upon the activity of the hydroxyl ion.  This effect might be expected 
to increase with the ionic strength (21, 29), but the effect of the amino 
acids studied at this concentration was not so great as that of other 
divalent salts.  This effect is being investigated further.  The only 
conclusion that we feel free to draw from these  preliminary data is 
that the base bound by amino acids in alkaline solutions depresses the 
activity of the hydroxyl ions. 
Because of their high valence, protein anions may, of course, further 
depress the activity of the hydroxyl ion.  Uncertainty regarding the 
valence type to be ascribed to proteins makes it difficult, however, to 
apply a  correction for this factory and their very low concentration 
may make it unnecessary.  Accordingly we have tentatively used the 
12 An equation depending upon the same theoretical principle has  been em- 
ployed by Pauli (3), p. 94. 
13 It should be pointed out that this correction is in the opposite sense from 
that involved in Tague's method. 58  P~SICAL  CHEMISTRY  OF  PROTEINS.  III 
values of 7 deduced from measurements of sodium hydroxide solutions 
in the calculation of our data. 
Long  before  the  Tague  method  of  calculating  base-binding  had 
been suggested, Robertson (14) employed a method analogous to ours. 
He determined the base bound by casein and several other proteins 
by measuring the electromotive force between two hydrogen electrodes; 
one  containing a  sodium hydroxide  solution  in  which  casein  was 
dissolved, and the other a sodium hydroxide solution of the same con- 
centration.  We have made a  number of measurements of this kind, 
and report the results in Table IV.  The electromotive force set up in 
this way (e) is equal to the difference between the electromotive force 
of the sodium hydroxide solution against 0.1 N calomel (b or c) and the 
protein containing sodium hydroxide against the calomel half cell (d). 
Since it is far more convenient always to refer measurements to the 
same standard, and since calomel electrodes are far more reproducible 
than sodim~ hydroxide half cells, we have not adopted Robertson's 
procedure.  It rests upon the same theoretical assumptions as our own 
method, however, and is capable of giving similar results. 
V° 
The  Effect of  Time  upon  the  Base-Combining  Capacity of  Casein. 
Proteins hydrolyze even in weakly alkaline solutions, such as those 
we have employed in measuring the base-binding capacity of casein. 
During hydrolysis an increased number of acid groups becomes free 
and the base-binding capacity therefore increases. 
In our experiments the base-binding capacity of casein always in- 
creased with time, and increased more rapidly the more alkaline the 
solution.  In order to  establish  the fact that  this  increase in base- 
binding capacity was due to hydrolysis, and not only to  a  gradual 
attainment of equilibrium, we have had recourse to other criteria of 
hydrolysis than base-binding. 
When casein is hydrolyzed by alkali an albumose,  called caseose, 
is  one of  the  early decomposition products.  Dakin  has  noted  the 
behavior of this substance in connection with his studies of the racemiza- 
tion of casein (30).  It is relatively soluble in water in the range in which 
casein is only very slightly soluble.  It is, however, precipitated from E.  ~.  COHN  AND  R.  E.  L.  BERGGREN 
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Prepara- 
tion and 
experi- 
ment No. 
NaOH 
concen- 
tration. Temper- 
ature. 
(a) 
N.  °C. 
VI 88  0.025  20.6 
20.2 
20.6 
19.8 
86  0.030  22.0 
20.1 
22.0 
87  0.04O  19.7 
i19.9 
20.2 
21.3 
XlII76  0.025  21.7 
23.2 
i 
79  23.4 
75  0.03(]  20.0 
20.5 
78  23.6 
23.3 
77  0.040  22.9 
23.2 
80  23.4 
E.M.F 
of NaOH  E.M.~. 
containing  of NaOH against the 
lz.~.F.  10 gin. of  same concentration 
of XaOH against  casein per  of NaOH containing 
0.1 N calomel,  liter against  10 gin. of casein 
0.1 N  per liter. 
calomel. 
O)  (c)  (d)  (e) 
Calcu-  Ob-  Observed.  Ob-  lated,  served,  served. 
vows  *olts  volts 
1.0573  1.0349  0.023~ 
1.0571  1.0319  0.026~ 
1.0573  1.0342  0.024~ 
1.0570  1.0329  0.0259 
1.0622  1.0434  0.0203 
1.0614  1.0412 
1.0622  1.0449 
1.0682  1.0559  0.0138 
1.0682  1.0568  0.0126 
1.0684  1.0549  0.0164 
1.0689  1.0567  0.0132 
1.0576  1.0366  9.0224 
1.0582  (1.0408)  9.0224 
1.0583  1.0379  3.0225 
1.0614  1.0446  9.0151 
1.0616  1.0440 
1.0629  1.0467  9.0161 
1.0628  1.0455  3.0169 
i1.0696  1.0595  !0.0100 
11.0697  1.0589  0.0117 
1.0698  1.0594  0.0103 
(b -- 
Calc~ated. 
vows 
0.0224 
0.0252 
0.0231 
0.0241 
0.0188 
0.0202 
0.0173 
0.0123 
0.0115 
0.0135 
0.0122 
Average. 
0.0210 
(0.0174) 
0.0204 
0.0168 
0.0176 
0.0162 
0.0173 
0.0101 
0.0108 
0.0104 
Average.. 
NaOH bound by 
10 gin. of casein. 
Calculated 
by  Calculated 
Robert-  by our 
son's  method 
method  from ~b) 
from (a)  and (d). 
and (6). 
tools  rods 
0.0153  0.0146 
0.0163  0.0158 
0.0155  0.0149 
0.0160  0.0154 
0.0165  0.0157 
0.0166 
0.0148 
0.0168  0.0155 
0.0157  0.0147 
0.0191  0.0166 
0.0162  0.0153 
0.0164  0.0154 
! 
0.0147  0.0141 
0.0146  (0.0123) 
0.0146  0.0137 
0.0135  0.0146 
0.0150 
0.0141  0.0139 
0.0145  !0.0147 
0.0130  0.0130 
0.0147  0.0136 
0.0134  0.0132 
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a  half saturated  solution of ammonium  sulfate.  In the experiments 
tabulated below we have therefore correlated the change in base-bind- 
ing capacity with the appearance of caseose.  Caseose has been demon- 
strated by two methods.  In both, aliquot parts of the casein that had 
been dissolved in sodium hydroxide were neutralized, from time to time, 
by adding an amount of hydrochloric acid equivalent  to the sodium 
hydroxide  they  contained.  A  small  amount  of an  acetate  mixture 
of pH 4.7 was then added to ensure complete coagulation of the casein 
at its isoelectric point.  After equilibrium had been established in the 
manner  we have  already  described  (31)  the precipitated casein was 
removed  by filtration  and  nitrogen  determinations  made  upon  the 
filtrate.  Starting  with  values for solubility of the  order of those of 
of casein in water  14 these gradually increased with increase in base- 
binding capacity.  In order to demonstrate that this increase in soluble 
nitrogenous  material  was  due  to  caseose  we  half  saturated  aliquot 
parts of  the filtrate with ammonium sulfate.  Whereas no precipitate 
appeared in the filtrates from casein that had been in alkali for but a 
short time, the caseose content increased with time.  This is indicated 
not only by the nitrogen determinations but by the density of the pre- 
cipitate in half saturated ammonium sulfate. 
It is evident that thes~ experiments offer a  quantitative  method of 
studying  hydrolysis.  For  the  present  we  have  made  no  effort 
to  refine  the  measurements,  and  have  merely  used the method  to 
determine how long we could leave casein in alkaline solutions before 
this  type  of  hydrolysis  would  interfere  with  our  results.  These 
experiments indicate that hydrolysis of casein, leading to the formation 
of caseose, introduces no error greater than that involved in measuring 
the base-bound, provided the measurements are made within the first 
10  hours.  The  fact  that  the  base-binding  capacity  of  each  casein 
preparation was at first identical in different concentrations of sodium 
hydroxide,  although  the rates  of hydrolysis in  these  solutions  were 
different, leads us to believe that equilibrium was attained between the 
casein and the alkali before hydrolysis was measurable. 
14 The solubility was slightly greater  owing to the solvent action of the salt 
present  (32, 33). E.  J.  COHN  AND  R.  E.  L.  BERGGREN 
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Casein 
preparation. 
XIII 
Exp~rioment 
76 
79 
76 
79 
79 
76 
79 
76 
79 
76 
75 
78 
75 
78 
78 
75 
78 
75 
75 
78 
75 
80 
77 
77 
80 
80 
77 
80 
77 
80 
77 
NaOH con- 
centratlon. 
N° 
0.025 
0.030 
0.040 
Length  of 
time 
in NaOH. 
]W$. 
½ 
½ 
6 
19 
23 
25 
46 
49 
68 
75 
½ 
1 
4 
4 
22 
23 
71 
76 
101 
118 
149 
½ 
1 
5 
19 
24 
28 
44 
49 
68 
95 
NaOH bound 
by 10 gln. 
of casein. 
0.0141 
0.0137 
(0.0123) 
(0.0129) 
0.0153 
(0.0115) 
0.0138 
0.0149 
0.0151 
0.0161 
0.0146 
0.0139 
0.0150 
0.0147 
0.0153 
0.0160 
0.0167 
(0.0143) 
0.0176 
0.0175 
0.0193 
0.0132 
0.0130 
0.0136 
(0.0117) 
0.0135 
0.0149 
0.0153 
0.0163 
0.0175 
0.0182 
Solubility 
atisoelectric 
point. 
Mg. of N in 
25  cc.  of 
filtrate. 
0.63 
0.68 
0.63 
0.76 
0.80 
0.69 
0.70 
(0.65) 
0.80 
0.88 
0.55 
0.58 
O.7O 
0.58 
0.60 
0.65 
1.05 
(0.83) 
1.04 
1.01 
0.78 
0.63 
0.65 
0.80 
0.81 
0.65 
1.00 
0.88 
1.20 
1.05 
Caseose formed. 
Proteose soluble 
in I-I~O  at 
pH 4.7 but in- 
soluble in 
0.5 saturated 
(NI-h)~SO,. 
0 
0 
? 
+ 
+ 
+ 
++ 
++ 
+++ 
+++ 
? 
0 
+ 
++ 
+++ 
++ 
++++ 
++ 
++++ 
0 
? 
+++ 
+++ 
+ 
++++ 
++ 
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VI. 
The Base-Combining Capacity of Casein. 
The base-combining capacities of ten different casein  15 preparations 
have been studied.  The amount of casein has been somewhat varied 
and  the  concentration  of sodium hydroxide increased  from  0.025  to 
0.050 N.  Although  the sodium hydroxide combining capacity varied 
slightly from preparation to preparation, in every preparation the base 
combined by the protein was independent of the concentration of free 
base  in  the  systems  here  reported.  Doubling  the  concentration  of 
total base, which often involved trebling, and very nearly quadrupling 
the concentration of free base, resulted in no increase in the base bound 
by the casein.  Accordingly we must conclude that this neutralization 
reaction was chemical in nature, depending upon the dissociation of acid 
groups in the casein molecule. 
The first six casein preparations that were studied in this way were 
prepared  by  a  method  that  has  elsewhere  been  described  in  detail 
(31).  In our practise, 
"After the casein  has been precipitated at  its  isoelectric  point  and washed 
with  distilled  water  according to  the  method of Baker  and  Van  Slyke,  only 
enough sodium hydroxide was added to bring the casein  to a neutral reaction. 
In this our method differed from that of Hammarsten in which enough sodium 
hydroxide is added to dissolve  completely the casein.  Loeb's observation sug- 
gests that the casein that persists at a neutral reaction is largely combined with 
divalent  bases.  We have accordingly removed and discarded this  precipitate 
either by centrifugation (in  a  Sharpies  centrifuge at nearly 30,000 revolutions 
a minute) or by filtration through filter paper pulp.  The casein  in the filtrate 
or in the centrifugate was then reprecipitated at its isoelectric point by the addi- 
tion of hydrochloric acid,  washed,  and  again  dissolved  by sodium hydroxide. 
It has been our experience that the casein completely dissolved  the second time 
at a neutral reaction.  The casein in this clear neutral solution was finally pre- 
cipitated and purified at the isoelectric  point." 
The  original  purpose  in  adding  "only  enough  sodium  hydroxide 
....  to bring the casein to a  neutral reaction" was to discard 
the fraction that dissolved only at relatively great  alkalinities.  The 
results of the measurements of base-binding capacity indicate that this 
15 All were prepared from H. P. Hood and Sons pasteurized milk.  The effects 
of pasteurization will subsequently be considered. TABLE  VI. 
Maximum Base-Combining Capacity of Casein. 
Preparation  Casein !  Con-  centra-  Tem-  pNaOH 
and  in  tion of  ~.~.1~.  pera-  pOH-  experiment  1  liter.  (pOH- 
No.  i NaOH.  ture.  _  p~) 
gin.  N.  volts  *C. 
VI  88  10.00  0.025  1.0349  20.6  2.040  1.985 
1.0319  20.2  2.092  2.037 
1.0342  20.6  2.052  1.997 
1.0329  19.8  2.072  2.017 
86  10.00  0.030  1.0434  22.0  1.904  1.845 
1.0412  20.1  1.932  1.873 
1.0449  22.0  1.878  1.819 
87  10.00  0.04C  1.0559  19.7  1.675  1.610 
1.0568  19.9  1.662  1.597 
1.0549  20.2  1.696  1.631 
1.0567  21.3  1.672  1.607 
XlI  97  10.00  0.025  1.0330  20.8  2.074  2.019 
1.0333  19.8  2.065  2.010 
1.0320  19.3  2.085  2.030 
1.0313  19.8  2.099  2.044 
96  10.00  0.030  1.0431  21.4  1.905  1.846 
1.0430  21.4  1.907  1.848 
1.0410!  18.7  1.924'  1.865 
1.0412  18.7  1.921  1.862 
I 
98  10.0G 0.040  1.0560 [ 19.4  1.672  1.607 
1.0551  19.4  1.686  1.621 
1.0554  19.2  1.68£  1.615 
1.0568  19.2  1.656  1.591 
105  10.00  0.040  1.0557  20.4  1.683  1.618 
1.0558  20.4  1.682  1.617 
1.0558  21.5  1.689  1.624 
1.0559  21.0  1.683  1.618 
108  10.00  0.050  1.0643  21.2  1.540  1.469 
1.0646  21.3  1.536  1.465 
1.0651  22.0  1.533  1.462 
1.064fl  21.8  1.537  1.466 
Concen- 
tration 
of free  NaOH 
NaOH.  bound. 
0.0104  0.0146 
0.0092!  0.0158 
0.0101  0.0149 
0,0096  0.0154 
0,0143  0.0157 
0.0134  0.0166 
0.0152  0.0148 
0.0245  0.0155 
0.0253  0.0147 
0.0234  0.0166 
0.0247  0.0153 
Average.. 
0.00,06  0.0154 
0.0098  0.0152 
0.0093  0.0157 
0.0091  0.0160 
0.0143  0.0157 
0.0142  0.0158 
0.0136  0.0164 
0.0138  0.0162 
0.0247  0.0153 
0.0239  0.0161 
0.0243  0.0157 
0.0256  0.0144 
0.0241  0.0159 
0.0242  0.0158 
0.0238  0.0162 
0.0241  0.0159 
0.0340  0.0160 
0.0343  0.0157 
0.0345  0.0155 
0.0342  0.0158 
NaOH 
bound b) 
I  gin.of 
casein. 
r~ls 
9.0014( 
:).0015~ 
i0.0014 (. 
0.0014~ 
0.0015~ 
0.0016( 
0.0014~ 
0.0015,  ~ 
0.0014~ 
0.0016( 
0.00152 
0.00154 
0.00154 
0.00152 
0.00157 
0.0016£ 
0.00157 
0.0015~ 
0.00164 
0.00162 
0.00153 
0.00161 
0.00157 
0.00144 
0.00159 
0.00158 
0.00162 
0.00159 
0.0016(] 
0.00157 
0.00155 
0.00158 
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TABLE  VI--Continued. 
Preparation 
and 
[experiment 
No. 
XII  109 
XIII  76 
79 
75 
78 
77 
80 
106 
XIV  99 
110 
100 
Concen- 
tration 
of free , 
NaOH. 
N. 
v.v~a 
0.0366 
0.0372 
0.0077 
0.0082 
0.0082 
0.0099 
0.0099 
O. 0095 
0.0134 
0.0136 
NaOH 
NaOH  bound  by 
bound.  I gin. of 
casein. 
tools  raoIs 
0.0152  0.00152 
0.0150  0.00150 
0.0145  0.00145 
0.0151  0.00151 
Average.. 0.00156 
0.0141  0.00141 
0.0123  0.00123 
0.0137  0.00137 
0.0146  0.00146 
0.0150  0.00150 
0.0139  0.00139 
0.0147  0.00147 
0.0130  9.00130 
0.0136  C).00136 
0.0132  ~).00132  I 
0.0134  0.00134 
0.0133  0.00133 
0.0134  0.00134 
0.0128  0.00128 
Aver'~ge.  0.00136 
0.0173  0.00173 
0.0168  0.00168 
0.0168  0.00168 
0.0151  0.00167 
0.0151  0.00167 
0.0155  0.00171  , 
0.0166  0.00166 
0.0165  0.00165 TABLE  VI---Continued. 
Preparation  Casein  Con- 
and  in  centra- 
experiment  I  liter, fion  of 
No.  NaOH, 
gm.  N. 
XIV  111  9.04  0.030 
119  9.04  0.030 
101  IO.OC 0.040 
112  9.04  0.040 
120  9.04  0.040 
107  IO.(K  0.050 
113  I~  9.04  0.050 
XV 114  7.134  0.025 
1 
I 
i 
115 I 7.134  0.03£ 
E.M.F. 
rolts 
1.0438 i 
1.0431 
1.0428 
i 
1.0444 
1.0452 
1.0450 
1.0540 
1.0552 
1 .o551 i 
1.05491 
1.0576 
1.0579 
1.0567 
1.0577 
1.0579 
1.0571 
1.0639 
1.0646 
1.0643 
1.0653 
1.0659 
1.0659 
1.0423 
1.0424 
1.0434 
1.0420 
1.0424 
1.0501 
1.0497 
1.0507 
1.0504 
1.0504 
1.0488! 
Tern-  pNaOH  Concen- 
tration 
pera-  pOH-  (pOH-  of free 
ture.  -- pT)  NaOH. 
.c.  i 
20.5  1.887 i 
20.4  1.900 
20.6  1.905 
I 
22.8  1.8901 
23.1  1.878 i 
23.0  1.881 
20.9  1.715 
21.5  1.699 
22.6  1.70~ 
22.2  1.709 
21.6  1.65~ 
22.4  1.659 
21.2  1.6701 
22.8  1.663 
23.2  1.660 
22.7  1.673 
21.1  1.547 
22.1  1.543 
21.0  1.539 
20.7  1.520 
21.8  1.518 
22.1  1.520 
20.4  1.914 
21.2  1.915 
21.8  1.902 
21.4  1.924 
19.8  1.908 
20.3  1.779 
21.7  1.795 
21.6  1.776 
21.8  1.783 
19.5  1.769 
19.8  1.798 
N. 
0.0149 
0.0144 
0.0143 
0.0148 
0.0152 
0.0151 
0.0224 
0.0232 
0.0229 
0.0227 
0.0255 
0.O255 
0.0248 
0.0252 
0.0254 
0.0247 
0.0334 
0.0337 
0.0340 
0.0356 
0.0357 
0.0356 
0.0138 
0.0138 
0.0142 ~ 
0.0135 
0.0140 
0.0191 
0.0184 
0.0192 
0.0189 
0.0195 
0.0182 
NaOH 
bound. 
0.0151 
0.0156 
0.0157 
0.0152 
0.0148 
0.0149 
0.0176 
0.0168 
0.0171 
0.0173 
0.0145 
0.0145 
0.0152 
0.0148 
0.0146 
0.0153 
0.0166 
0.0163 
0.0160 
0.0144 
0.0143 
0.0144 
Average. 
0.0112 
0.0112 
0.0108 
0.0115 
0.0110 
0.0109 
0.0116 
0.0108 
0.0111 
0.0105 
0.0118 
NaOH 
bound b 
1 gin. o: 
casein. 
i 
tools 
0.0016 
0.0017 
0.0017 
0.0016 
0.0016 
0.0016 
0,0017 
0,0016 
0.0017 
0.0017 
0,0016 
0,0016 
0.0016 
0.0016 
0.0016 
0.001~ 
0.001~ 
0.001( 
0,001~ 
0,0015 
0.0015 
0.001~ 
.0.0014 
0.001~ 
0.001~ 
!0.001.  ~  J 
o  oo1¢ 
0.001.  ~ 
i 
0.001.' 
0.001¢ 
I  :0.001.  ~ 
0.001.' 
0.001~ 
0.001( 
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TABLE  VI--Concluded. 
Preparation 
and  C~nein 
exp~ment  i i liter. 
gm. 
XV  116  7.134 
117  7.134 
118  10.00 
XVla 124  10.84 
127  tl.34 
126  [1.54 
Con- 
centra- 
tion o 
NaOH. 
N. 
0.040 
0.050 
0.050 
0.03  I 
0.04 
0.05 
LM,F. 
golfs 
.061 
.061: 
.061, 
.061, 
.061: 
.061, 
1.067 
1.0671 
1.0672 
1.067: 
1.067: 
1.064{ 
1.064: 
1.064: 
1.064: 
1.042; 
1.043~ 
1.0431 
1.0431 
1.056~ 
1.055'~ 
1.055~ 
1.054g 
1.055,: 
[ .0632 
t .0642 
[ .064~ 
t.0640¢ 
[ .0638 
Wem- 
]3era- 
ture. 
°C. 
21.7 
21.4 
20.8 
21.6 
21.2 
21.2 
21.0 
21.0 
21.1 
21.0 
21.0 
20.3 
20.5 
20.6 
20.6 
20.3 
20.1 
19.7 
19.6 
19.6 
20.5 
20.2 
20.0 
19.7 
20.4 
20.5 
20.5 
20.5 
20.0 
pOH- 
1.59 
1.59 
1.58 
1.59 
1.59 
1.59: 
1.49 
1.49, 
1.48, 
1.48! 
1.49 
1.541 
1.53! 
1.53! 
1.53! 
1.91,  ~ 
1.88  ¢. 
1.89! 
1.89~ 
1.665 
1.68" 
1.691 
1.694 
1.68~ 
1.554 
t.537 
1.531 
t.532 
t.541 
pNa0t 
(p0H- 
-  p-r) 
1.53£ 
1.53C 
1.524 
1.52~ 
1.52~ 
1.527 
1.42C 
1.422 
1.415 
1.418 
1.420 
1.469 
1:468 
1.468 
1.468 
1.856 
1.830 
1.836 
1.836 
1604 
t .618 
t .626 
t .629 
[ .617 
[ .483 
L.466 
L.460 
L.461 
.470 
Concen- 
tration  lqa0H 
ot free  bound. 
Na0H. 
~.  tools 
0.0295  0.0105 
0.0295  0.0105 
0.0299  0.0101 
0.0296  0.0104 
0.0296  0.0104 
0.0297  0.0103 
0.0380  0.0120 
0.0378  0.0122 
0.0385  0.0115 
0.0382  0.0118 
0.0380  0.0120 
0.0340  0.0160 
0.0340  0.0160 
0.0340  0.0160 
0.0340  0.0160 
Average. 
0.0139  0.0161 
0.0148  0.0152 
0.0146  0.0154 
0.0146  0.0154 
0.0249]  0.0151 
0.0241  0.0159 
0.0237  0.0163 
0.0235  0.0165 
0.02421  0.0158 
0.0329  0.0171 
0.0342  0.0158 
0.0347  0.0153 
0.0346  0.0154 
0.0339  0.0161 
Average.. 
Na0H 
bound by 
1 gin. of 
c~tsein. 
mo]s 
3.00147 
).00147 
0.00142 
0.00146 
0.00146 
0.00144 
0.00168 
0.00171 
0.00161 
0.00165 
0.00168 
0.00160 
0.00160 
0.00160 
0.00160 
0.00156 
0.00149 
0.00140 
3.00142 
3.00142 
0.00133 
0.00140 
0.00144 
0.00146 
0.00139 
0.00148 
0.00137 
0.00133 
0.00133 
0.00140 
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practise also served another purpose; for casein that had been  brought 
to an alkaline reaction acquired a  greater capacity to combine with 
base than that which had not been so treated. 
The  electromotive  force  measurements  upon  sodium  hydroxide 
solutions containing casein, from which these base-combining capacities 
have been calculated, are recorded in Table VI.  The method of cal- 
culation has already been described.  The results are given in detail 
so that they may be available for recalculation should a  method of 
determining the effect of casein upon the activity of the hydroxyl ion 
be subsequently discovered.  From the electromotive force measure- 
ments and the temperature in the fourth and fifth columns the pOH- 
has been calculated by means of equations (1)  and  (2).  From  the 
hydroxyl  potential  and equation (7) the negative logarithm of the sodium 
hydroxide concentration has been estimated (Column 7); and from this 
the concentration of free sodium hydroxide (Column 8).  The difference 
between the concentration of free sodium hydroxide, and the concentra- 
tion of total sodium hydroxide in the system (Column 3)  yields the 
base bound by the casein (Column 9).  From this quantity, and the 
amount of casein in the system (Column 2) the amount of base bound 
by 1 gm. of casein has been calculated (Column 10).  The amount of 
casein in these systems has been estimated  from  nitrogen  determinations, 
on the assumption that 1 gin. of casein contains 0.156 gin. of nitrogen 
(34). 
Of the first six casein preparations studied, five showed low, but not 
identical base-binding capacities.  The  exception, Preparation  XIV, 
had a slightly higher base-binding capacity than the others, but a lower 
base-binding  capacity, as we shall presently show, than casein prepared 
by Hammarsten's method.  Of the other five, Preparations XIII and 
XVIa  bound  the  smallest  amounts  of  base,  while  preparations 
VI, XII, and XV bound slightly greater, but almost identical, amounts. 
The averages of the results obtained with these different preparations 
have been arranged, in Table VII, in the order of their base-combining 
capacities.  From the amount of base bound by each gram of casein 
the equivalent weight of casein combined with each tool of basehasbeen 
calculated.  On the assumption that the basic equivalents represent 
acid groups, the number of such groups that casein contains, provided 
its molecular weight is considered as 12,800, has also been calculated. 68  PttYSICAL  CHEMISTRY  OF  PROTEINS.  III 
The difference in base-binding capacity of these different preparations 
was far greater than the experimental error.  All of the electromotive 
force measurements made on each preparation--usually with different 
electrodes--are  recorded  in  Table  VI.  From  them  it  may  be seen 
that  the highest base-binding observed with either Preparation xnI 
or XVIa was 0.00150 mols of sodium hydroxide to 1 grn. of casein, or a 
value  lower  than  the  average  for  preparations  VI,  XlI,  and  XV. 
Similarly  the  lowest  value  observed  with  these  preparations  was 
higher than the average of XlII or XVIa.  We must therefore admit 
that the base-combining capacities of these different preparations were 
not identical,  and  seek further  for an  explanation  of the differences 
observed. 
TABLE  VII. 
Casein preparation.  NaOH bound by  Equivalent weight  No, of assumed  Calculated mlnlnml 
of casein hound  casein equivalents,  molecular weight.  1 gm. of casein,  by 1 tool of NaOH. 
XIII 
XVIa 
VI 
XII 
XV 
XIV 
mo/s 
0.00136 
0.00140 
0.00154 
0.00156 
0.00156 
0.00166 
gm. 
735 
714 
649 
641 
641 
602 
17 
18 
20 
20 
20 
21 
12,495 
12,852 
12,980 
12,820 
12,820 
12,642 
The results obtained with these six preparations doindicate, however, 
the  general magnitude  of the  base bound by 1 grn.  of casein.  The 
equivalent weight of casein bound by each tool of base varied between 
600  and  735  gin.  On  the  basis  of  a  minimal  molecular  weight  of 
12,800, casein must, therefore, contain between seventeen and twenty- 
one acid groups.  The  smaller  number  of groups  can be exactly ac- 
counted  for  on  the basis  of the  free carboxyl groups  in  casein,  and 
the  larger  number  might  be expected if the  phosphorus  in  casein is 
considered  as phosphoric  acid,  and  the  acid  groups  of this  acid  are 
added  to  the  free  carboxyl  groups.  From  a  consideration  of  the 
composition of casein we came to the conclusion that this protein might 
contain  from  nineteen  to  twenty-eight  acid  groups  and  that  1  gm. 
should  therefore  combine with  from  148.7  to  217.4  X  10 -5 tools  of 
sodium  hydroxide.  The  results  obtained  by  measuring  the  base- E.  J.  COHN  AND  R.  E.  L.  BERGGREN  69 
binding  capacity  by  physicochemical  means  are  well  within  these 
limits.  We must therefore conclude that the free acid groups that we 
know exist in the casein molecule are of the order demanded to account 
for its capacity to combine with base. 
VII. 
The Effect of the Method of Preparation  upon the Base-Combining 
Capacity of Casein. 
Robertson measured the base-combining capacity of casein in  1910. 
The  method  that  he  employed in  making  these  measurements  has 
TABLE  VIII. 
Maximum Base-Combining Capacity of Casein. 
Robertson (14). 
Casein in I liter.  Concentration  Concentration of  of Na0H.  Na0H bound.  Na0H bound by 1 gin. of casein. 
gm.  N. 
5.0  0.02000 
10.0  0.02907 
10.0  0.03028 
10.0  0.02500 
10.0  0.0300 
20.0  0.0500 
N. 
0.00917 
0.01886 
0.01815 
0.01748 
0.01763 
0.03478 
r~ 
0.001834 
0.001886 
0.001815 
0.001748 
0.001763 
0.001739 
Average..0.001797 
already been considered.  "It rests upon the same theoretical assump- 
tions as our own method  ....  and is capable of giving similar 
results."  Yet Robertson found  that  1 grn.  of casein  combined  ap- 
proximately 0.0018 tools of potassium hydroxide; a higher value than 
we observed with any of the previously considered preparations.  The 
six  measurements  of  Robertson  in  which  the  casein  was  saturated 
with base are tabulated  above (Table VIII).  His results are in good 
agreement with each  other,  and  unquestionably  represent  the  base- 
combining capacity of the casein preparation that he employed. 70  PHYSICAL CHEMISTRY OF  PROTEIN'S.  III 
In  his  investigations  Robertson  "employed  the  c.P.  casein  nach 
ttammarsten.'16  In the method of  preparing  casein  introduced  by 
Hammarsten the protein is exposed to greater concentrations of alkali 
than in the method of Van Slyke and Baker (35), or in the modification 
of their method that we have employed (31).  In order to determine 
whether this treatment increased the base-combining capacity of casein 
Prepara- 
tion and 
experiment 
No. 
H 148 
Wertl- 
pera- 
ture. 
150 
149 
Casein  Con-  [ 
In  I centra- I 
1 liter,  fion of  ~.u.r. 
NaOH. 
gin.  I,r.  valts 
9.30  0.03  1.0432 
1.043{3 
1.0416 
1.0425 
9.68  10.04  I 1.0566 
1.0559 
1.0532 
1.0564 
8.30  0.05  1.0661 
1.066C 
1.066C 
1.065C 
pOH- 
°C. 
23.0 
23.0 
23.0 
23.2 
23.0 
22.6 
22.8 
23.1 
22.9 
22.5 
23.0 
22.5 
pNaOH 
(pOH- 
-  p~) 
1.91: 
1.91~ 
1.941 
1.92; 
1.684! 
1.693 
1. 740 
1.688: 
1.523 
1.521 
1.524 
1.539 
~oilceil- 
tration 
of free 
NaOH. 
N. 
0.014( 
0.013g 
0.0131 
0.013; 
1.853 
1.857 
1.881 
1.864 
1.619 
1.628 
1.675 
1.623 
1.452 
1.450 
1.453 
1.468 
TABLE IX. 
Maximum Base-Combining Capacity of Casein Prepared by Hammarsten's Method. 
0.024( 
0.023¢ 
0.0211 
0.023~ 
0.035~ 
0.0355] 
0.0352 
0.0340 
Average.. 
Na0H 
NaOH  bound by 
bound.  1 gin: o[ 
c~eln. 
mo~  mols 
0.0160  0.00172 
0.0161  0.00173 
0.0168  0.00181 
0.0163  0.00175 
0.0160  0.00165 
0.0164  0.00169 
0.0189  0,00195 
0.0162  0.00167 
0.0147  0.00177 
0.0145  0.00175 
0.0148  0.00178 
0.0160  0.00193 
0.00177 
we procured a  Kahlbaum preparation of casein nach Hamrnarsten  that 
had been in the possession of the Department of Biological Chemistry 
since before the war.  This casein was repeatedly triturated with water, 
and  was  finally  studied in precisely  the  same way as the  other prep- 
arations.  The results  are  reported in Table IX.  The  average base- 
16 For a detailed  description  of the further methods that Robertson employed 
in purifying his casein see Robertson (4), p. 39. 
Pauli  and  Kryz  ((3),  p.  106), also  employed  casein  "nach Hammarsten." 
Their experiments indicate a higher base-combining capacity for casein than either 
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combining capacity was 0.00177 tools of sodium hydroxide per  gin. of 
casein, or almost exactly that found by Robertson. 
In connection with studies of the strength of the dissociation of the 
acid groups in casein, that will elsewhere be reported in detail, we have 
been forced to the conclusion that certain of the acid  "valencies com- 
bined with base very slowly, as though  they were internally  bound" 
(1).! 7  It therefore occurred to us that  these groups were responsible 
for  the  greater  base-binding  capacity  of  casein  prepared  nach 
Hammarsten. 
In order to test this hypothesis the next two preparations,  XVIII 
and  XIX,  were  brought  to  alkaline  reactions  when  they were  first 
redissolved, and were then  treated in much the same manner  as the 
earlier  preparations.  This  procedure  was  not  satisfactory,  largely 
because of the length  of time  that  the  casein remained  dissolved in 
alkaline solution.  As a result the casein solutions acquired a brownish 
color, and some caseose formed.  The caseose was largely removed by 
reprecipitating and redissolving the preparations at a neutral reaction, 
but the brownish  color persisted.  We are  therefore  not inclined  to 
place much confidence in the results that have been obtained with these 
two preparations.  They are  reported  in  Table X,  and  yielded  the 
highest base-combining capacity that has been noted, even higher than 
casein prepared nach Hammarsten. 
The effect of the alkalinity reached in the course of purification was 
more systematically studied  in  Casein  XX.  This  casein  was first 
redissolved at a neutral reaction, and then reprecipitated, in precisely 
the same manner  as the earlier preparations.  Like them it was then 
redissolved at a neutral reaction.  This solution was then divided into 
four parts, which were brought to different alkalinities by the addition 
of different amounts  of sodium hydroxide.  Thus  Fractions  (a)  and 
(b)  although  less alkaline  than  casein nach Itammarsten,  were made 
more  alkaline  than  our  ordinary  preparations;  Fraction  (c)  was 
brought  to  approximately  the  reaction  reached  by  casein  hack 
Hammarsten; and  enough  alkali  was added  to Fraction  (d)  to  com- 
pletely combine with the acid groups in the casein molecule.  None of 
the fractions was allowed to remain at these alkalinities for less  than 
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TABLE  X. 
Maximum Base-Combining Capacity of Casein. 
C°n i  ITer   concn  and  In  centra-  tratlon 
e~riment  1 liter.  [ tion of  E.~.r.  pera-  (pOH-  of free 
No.  NaOH.  ture. [  --P'e)  ~ NaOH. 
N.  1  N.  ' I 
"XVIIIb 195  0.030  2.289]  2.230  0.0059[ 
2.312~  2.253  0.0056 
2.3221  2.263  0.0055 
2.2841  2.225  0.0060 
207  0.030  2.218]  2.159  0.0069 
2.235[  2.176  0.0067 
2.2411  2.182  0.0066 
2.217{  2.158  0.0070 
208  0.040  1.827[  1.762  0.0173 
1.8501  1.785  0.0164 
1.8441  1.779  0.0166 
1.839I  1.774  0.0168 
197 
196 
XIXb 209 
194 
193 
[0.040 
l 
21.66 
9.72 
16.64 
16.64 
0.050 
0.03(] 
0.0413 
0.05C 
19 
19 
20 
19 
20 
20 
20 
22 
22 
22 
22 
19 
19 
20 
20 
19 
19 
20 
.st2 7o31 
.7 2.679] 
.3 2.682t 
.6 2.2011 
.12.2221 
.2 2,195[ 
.G 2.2261 
.3 1.964[ 
.3 1.9811 
.211.9801 
.711.9721 
.612.179] 
.82.199 
.1 2.179 
.(? 1.822 
.9 1.832 
.8 1.848 
.7 1.837 
2.638  0.0023 
2.614  0.0024 
2.617  0.0024 
2.130 
2.151 
2.124 
2.155 
1.905 
1.922 
1.921 
1.913 
2.114 
2.134 
2.114 
1.751 
1.761 
1.777 
1.766 
0.0074 
0.0071 
0.0075 
0.0070 
0.0124 
0.0120 
0.0120 
0.0122 
0.0077 
O. 0074 
0.0077 
0.0177 
0.0173 
0.0167 
0.0171 
NaOH 
NaOH  bound  by 
bound.  1 gin. of 
casein. 
r~ls  tools 
0.0241  0.00185 
0.0244  0.00187 
0.0245  0.00188 
0.0240  0.00184 
0.0231  0.00186 
0.0233  0.00188 
0.0234  0.00189 
0.0230  0.00].86 
0.0227  0.00183 
0.0236  0.00190 
0.0234  0.00189 
0.0232  0.00187 
0.0377  0.00179 
0.0376  0.00179 
0.0376  0.00179 
0.0426  0.00197 
0.0429  0.00198 
0.0428  0.00196 
0.0430  0.00199 
0.0176  0.00181 
0.0180  0.00185 
0.0180  0.00185 
0.0178  0.00183 
0.0323  0.00194 
0.0326  0.00196 
0.0323  0.00194 
0.0323  0.00194 
0.0327  0.00197 
0.0333  0.00200 
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TABLE  X---Conlirtued. 
Preparation 
and 
experiment 
No. 
XXa 180 
181 
182 
XXb 186 
187 
188 
XXc 183 
Casein 
in 
1 liter. 
gm, 
8.24 
8.46 
8.18 
10.76 
t 
t 
I 
11.00 
10.76 
10.54  I 
i 
Con  [ 
eenA-I  ' 
volts 
0.05  1.0642 
1.0649 
1.0649 
1.0641 
0.04  1.0558 
1.0552 
1.0564 
1.0571 
0.03  1.0439 
1.0430 
1.0440 
1.0442 
0.05  1.0608 
1.0613 
1.0616 
1.0604 
0.04  1.0499 
1.0512 
1.0516 
1.0521 
0.03  1.0351 
1.0342 
1.0356 
1.0355 
0.05  1.0611 
1.0605 
1.0611 
1.0600; 
rein-  pNaOH  Concen- 
tration 
pera-  pOH-  (pOH-  of free 
ture.  -- P'r)  NaOH. 
*(7.  ~. 
20.13 
20.3 
20.4 
20.5 
20.0 
20.0 
20.6 
20.8 
21.1 
21.3 
21.1 
21.7 
19.3 
20A] 
20.4 
19.7 
19.3 
19.8 
20.2 
19 .C 
19.4 
19.5 
20.1 
20.( 
19 .( 
18 .g 
18.~ 
19 .~ 
1.535  1.464  0.0344 
1.525  1.454  0.0352 
1.525  1.454  0.0352 
1.539  1.468  0.0340 
1.679  1.614  0.0243 
1.689  1.624  0.0238 
1.671  1.606  0.0248 
1.661  1.596  0.0254 
1.890  1.831  0.0148 
1.906  1.847  0.0142 
1.888  1.829  0.0148 
1.889  1.830  0.0148 
1.588  1.517  0.0304 
1.584  1.513  0.0307 
1.582  1.511  0.0308 
1.597  1.526  0.0298 
1.776  1.711  0.0195 
1.757  1.692  0.0203 
1.753  1.688  0.0205 
1.736  1.671  0.0213 
2.032  1.973 
2.047  1.988 
2.0281  1.969 
2.0281  1.969 
1.580  1.509 
1.589[  1.518 
1.579 t  1.508 
1.601 i  1.530 
0.0106 
0.0103 
0.0107 
0.01071 
RaOIt 
NaOH  bound  blr 
bound.  1 gin.  ol 
¢.aseI~. 
tools  n~ls 
0.0156  0.00189 
0.0148  0.00185 
0.0148  0.00180 
0.0160  ~0.00194 
0.0157  0.00186 
0.0162  0.00191 
0.0152  t0.001B0 
0.0146  [0.00173 
o.o152  io.oo186 
0.0158  10.00193 
0.0152  ~).00186 
0.0152  100.00186 
Average.. 10.00185 
0.0196 
0.0193 
0.0192 
0.0202 
0.0205 
0.0197 
0.0195 
0.0187 
0.0194 
0.0197 
0.0193 
0.0193 
0.00182 
0.00179 
0.00178 
0.O0188 
0.00186 
0.00179 
0.00177 
0.00170 
0.00180 
0.00183 
0.00179  1 
0.00179 
Average.. i0"00180 
i0 00180  0.03101  0.0190 
0.03031  0.0197  :0.00187 
0.0310  0.0190  !0.00180 
0.0295  0.0205  !0.00194 
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TABLE  X--Concluded. 
Preparation 
and 
experiment 
No. 
XXc 184 
J 
Casein  Con-  Tern-  pNaOH  Concen- 
in  centra-  tration  tion of  E.M.F.  pera- pOH-  I liter.  NaOH.  ture.  (pOH-  of free  -- P3")  NaOH. 
gra.  N .  volts  °C.  N. 
10.86  0.04  1.0511  18.8 1.750  1.685  0.0207 
1.0499  19.0 1.774  1.709  0.0195 
1.0509  19.2 1.758  1.693  0.0203' 
1.0507  18.5 1.754  1.689  0.0204 
185  10.44  0.03  1.0373  21.42.004  1.945  0.0114 
1.0361  21.3:2.025  1.966  0.0108 
1.0371  21.4  2.008  1.949  0.0112 
1.0374  21.8  5.005  1.946  0.0113 
XXd 189  12.62  0.05  1.0579  19.7 1.640  1.569  i 0.0270 
1.0576  19.2 1.642  1.571  0.0269 
1.0567  20.1 1.665  1.594  0.0255 
1.0578  20.7 1.649  1.578  0.0264  i 
191  10.58  0.04  1.0518  20.8 1.752  1.687  0.0206 
1.0505  20.6 1.773  1.708  0.0196 
1.0519  20.8 1.750  1.685  0.0207 
1.0514  20.4 1.757  1.692  0.0203 
190  10.42  0.03  1.0372  20,32  001[  1.942  0.0114 
1.0355  20.22.030  1.971  0.0107 
1.0368  20.2 2.007  1.948  0.0113 
1.0372  20.8 2.001  1.942  0.0114 
NaOH 
NaOH  i  botmd  by 
bound.  1 gin. of 
casein. 
tools  tools 
0.0193  3.0017~ 
0.0205  !0.0018(- 
0.0197  0.00181 
0.0196  0.0018( 
0.0186  0.0017~ 
0.0192  0.00184 
0.0188  0.0018( 
0.0187  0.0017~ 
Average.. 0.0018~ 
0.0230  0.00182 
0.0231  0.00182 
0.0245  0.00194 
0,0236  0.00187 
0.0194  0.00183 
0.0204  0.00193 
0.0193  0.00182 
0.0197  0.0018~ 
0.0186  0,00179 
0.0193  0.00185 
0.0187  0.00179 
0.0186  0.00179 
Average.. 0.00184 
½ or  more  than  3  hours.  They were  then  reprecipitated,  washed, 
once  more  redissolved  at  a  neutral  reaction  in  order  to  remove 
any  caseose  that  might  have  formed  at  greater  alkalinities,  and 
again reprecipitated and washed.  None of these fractions showed the 
discoloration observed with XVIII and XIX when they were dissolved 
in alkali (30).  The measurements  of  their  base-combining capacity 
are also recorded in Table X.  It will be noted that all four fractions 
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seem  to  indicate  that  no  ordinary  alkaline  hydrolysis  was  here 
involved.  On the other hand the base-combining capacity of all the 
fractions was far greater than that of the earlier preparations studied, 
and of the same order as that of casein prepared according to  the 
method introduced by Hammarsten.  The  base-combining capacity 
of the preparation of casein that Robertson studied was 0.00180;  and 
of the Kahlbaum preparation that we have studied was 0.00177  mols 
of base per gin. of casein, while the average base-combining capacity 
of the four fractions of Casein XX was 0.00183 mols.  The last value 
yields the result that  the equivalent combining weight  for base  of 
casein that has been modified in the course of its preparation was 535 
gin. equivalents. 
Four times this equivalent combining weight at saturation yields 
the equivalent combining weight of casein in the neighborhood of its 
isoelectric point.  "The solubility of casein in systems containing the 
protein and sodium hydroxide" indicated that "each mol of sodium 
hydroxide combined with less than 2,166 gm. and probably with 2,096 
gin. of casein" (13). 18  Four times 535 leads to 2,140 gin.  The results 
of the electromotive force studies that are now reported are therefore 
in good agreement with  the  previously reported solubility studies. 
They indicate, moreover, that in strongly alkaline solutions casein is 
capable of combining precisely four times as much base as in the neigh- 
borhood of its isoelectric point (1). 
Since the equivalent combining weight of casein for base,  in the 
neighborhood of its isoelectric point was one-sixth the minimal molec- 
ular weight of this protein, its equivalent weight at saturation should 
be  one  twenty-fourth  the  minimal  molecular  weight.  24  X  535 
=  12,840; or exactly the minimal molecular weight of  this  protein. 
On the basis of a minimal molecular weight of 12,800, casein, that has 
been  treated  with  alkali,  must  therefore  contain  twenty-four acid 
groups.  This number is larger than the number of groups that can 
be accounted for on the basis of the free carboxyl groups in  casein 
(Table I).  Nineteen acid groups can be accounted for on this basis. 
To this number might be added the four tyrosine molecules in the 
casein molecule (28), provided they retain any base-combining capac- 
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ity when held in polypeptide linkage,  or  nine groups  derived  from 
phosphoric  acid,  provided  the  phosphorus  in  the  casein  molecule 
represents  phosphate, t9  Finally it  must  be admitted  that  internal 
-COHN- groups may also be involved in the neutralization of base, 
although their  presence  is  not  demanded, as previous  investigators 
believed, in order to account for the maximum base-combining capac- 
ity of this protein. 
The increased maximum base-combining capacity of casein that has 
been  brought  to alkaline reactions in  the  course  of its preparation 
may be conceived of in at least three different ways.  Either partial 
racemization of the protein may occur, partial hydrolysis, or the open- 
ing of the cycl,~c anhydrides suggested by Dr.  Dakin  (13)3 o  In any 
case certain groups  bound in the casein molecule become  free.  The 
nature of these groups is not indicated by the present  experiments, 
but  will be  considered  in  a  subsequent  communication in  connec- 
tion with a  study of the  dissociation constants of the acid groups in 
casein (1). 
The number of acid groups  that was liberated  in casein that was 
dissolved at alkaline reactions in the course of preparation, may how- 
ever, be calculated from their base-combining capacities.  If 0.00183 
tools represents  the base bound by  1 gin. of modified casein  (XX), 
then at least one-fourth of this base-combining capacity, or 0.00046 
tools, was not possessed by the native protein.  The remaining three- 
fourths, or 0.00137 tools of base per gin. of casein, is exactly equal to 
the lowest base-combining capacities that we have thus far observed. 
For the average base-combining capacities of casein XIII and XVIa 
were  0.00136  and  0.00140,  respectively.  Alkali must  therefore in- 
crease the number  of acid  groups  in casein  by  six,  or  possibly  by 
seven, groups. 
Finally we may conclude, as a result of these investigations of the 
total number  of acid groups in casein prepared  according to  Ham- 
lg If the weakest phosphoric acid group were free in  the casein molecule it 
would  not dissociate  at the alkalinities  that we have reached.  In that case  only six 
groups, instead of nine, would be derived from phosphoric acid.  These  added 
to nineteen free groups from dlcarboxyllc amino acids yield in  all twenty-five 
instead of  twenty-eight valences; a  result which is in even better  agreement 
with our determinations. 
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marsten's method, that one-fourth are involved in the passage of casein 
into solution, and one-fourth are bound in the native protein.  The 
further characterization of these groups,  and of the remaining group, 
which possesses  one-half of the base-binding capacity, can be  com- 
pleted  only by  supplementing the  information adduced concerning 
the number of acid groups in casein with information concerning their 
strength. 
SUMMARY. 
1.  The  methods  of  measuring  the  base-combining  capacities  of 
proteins have been considered, and the constants and corrections that 
are employed in their calculation have been critically examined. 
2.  The base-combining capacities of ten casein preparations have 
been determined.  These  differed from  each  other to a  far greater 
extent than can be attributed to the experimental errors involved in 
their measurement and calculation.  The variations were, moreover, 
systematic in manner, and can be explained as dependent upon the 
method employed in the preparation of the casein. 
3.  Casein that had never been exposed to greater alkalinifies than 
those in which it exists in nature combined with approximately 0.0014 
tools of sodium hydroxide per gin., while casein prepared nach Ham- 
marsten, and casein that was saturated with base during its prepara- 
tion, combined with approximately 0.0018 tools  of sodium hydroxide 
per gin. 
4.  1 tool of sodium hydroxide, therefore, combined with  735  gin. 
of casein that had not previously been exposed to alkaline reactions, 
or with 535  gin.  of casein that had previously been saturated with 
base. 
5.  If the minimal molecular weight of casein, based upon its trypto- 
phane content, is placed at 12,800, the native protein must, therefore, 
contain approximately eighteen acid groups,  and in addition six acid 
groups that are released in alkaline solutions,  and presumably repre- 
sent  internally bound  groups.  The  total  base-combining  capacity 
therefore represents that of a  substance with a  molecular weight of 
12,800 and containing twenty-four acid valences. 
6.  This base-combining capacity is no greater than can be accounted 
for on the basis of our knowledge of the structure and composition of 78  PHYSICAL  CHEMISTRY  OF  PROTEINS.  III 
casein.  On the basis of a  molecular weight of 12,800 casein contains 
at least 19 molecules of glutamic acid, 4 of aspartic, and 8 of hydroxy- 
glutamic acid.  If the amino acids in the protein molecule are bound to 
each other in polypeptide linkage, each of these thirty-one dicarboxy- 
lic acids should yield terminal  groups.  The ammonia  in casein sug- 
gests that  twelve of these groups are bound as amides.  As many as 
nineteen  carboxyl  groups  may,  therefore,  be  free  in  the  protein 
molecule. 
7.  Casein  contains  phosphorus.  If  this  phosphorus  represents 
phosphoric acid, and if we consider that all of the valences of this acid 
are either themselves free, or that they have liberated carboxyl groups 
by entering into  the structure  of the protein molecule, casein should 
contain nine additional acid groups. 
8.  Recent analytical results, therefore, indicate that casein contains 
at least nineteen,  and  possibly twenty-eight,  free acid groups.  The 
physicochemical measurements presented suggest that casein combines 
with  base as  though  it  contained  twenty-four acid groups,  of which 
six, or one-fourth,  appear  to be bound in the native protein.  These 
experimental results are therefore in close agreement with the expecta- 
tion on the basis of the classical theory of protein structure. 
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